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SYSTEM AND METHOD FOR MICROWAVEL
IMAGING WITH SUPPRESSED SIDELOBES
USING A SPARSE ANTENNA ARRAY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s related by subject matter to U.S.
application for patent Ser. No. 10/997,422, entitled “A
Device for Reflecting Electromagnetic Radiation,” U.S.
application for patent Ser. No. 10/997,583, entitled “Broad-
band Binary Phased Antenna,” and U.S. application for
patent Ser. No. 10/996,764, entitled “System and Method for
Security Inspection Using Microwave Imaging” all of which
were filed on Nov. 24, 2004.

This application 1s further related by subject matter to
U.S. application for patent Ser. No. 11/088,536, entitled
“System and Method for Efficient, High-Resolution Micro-
wave Imaging Using Complementary Transmit and Receive
Beam Patterns,” U.S. application for patent Ser. No. 11/088,
831, entitled “System and Method for Inspecting Transport-
able Items Using Microwave Imaging,” U.S. application for
patent Ser. No. 11/089,298, enfitled “System and Method for
Pattern Design in Microwave Programmable Arrays,” U.S.
application for patent Ser. No. 11/088,610, entitled “System
and Method for Microwave Imaging Using an Interleaved
Pattern 1n a Programmable Reflector Array,” and U.S. appli-
cation for patent Ser. No. 11/088,830, entitled “System and
Method for Minimizing Background Noise 1n a Microwave
Image Using a Programmable Reflector Array” all of which
were filed on Mar. 24, 2005.

BACKGROUND OF THE INVENTION

Recent advances in microwave immaging have enabled
commercial development ol microwave imaging systems
that are capable of generating two-dimensional and even
three-dimensional microwave 1mages of objects and other
items of interest (e.g., human subjects). At present, there are
several microwave 1maging techniques available. For
example, one technique uses an array of microwave detec-
tors (hereinafter referred to as “antenna elements™) to cap-
ture either passive microwave energy emitted by the target
or reflected microwave energy reflected from the target 1n
response to active microwave illumination of the target. A
two-dimensional or three-dimensional 1mage of a person or
other item 1s constructed by scanning the array of antenna
clements with respect to the target’s position and/or adjust-
ing the frequency (or wavelength) of the microwave energy
being transmitted or detected.

Transmit and/or receive antenna arrays for use in trans-
mitting and/or receiving microwave energy can be con-
structed using traditional analog phased arrays or binary
reflector arrays, such as those described i U.S. patent
application Ser. No. 10/997,422 entitled “A Device for
Reflecting Electromagnetic Radiation,” and Ser. No. 10/997,
583, entitled “Broadband Binary Phased Antenna.” For
either type of array, the largest addressable volume with the
highest spatial resolution 1s obtained by choosing a small
wavelength A, densely filling the array with antenna ele-
ments such that the spacing between adjacent antenna ele-
ments 1n both directions 1s A/2, and maximizing the two-
dimensional area of the array. For example, 1f the array 1s a
square of side L, an object located at a distance L from the
array can be imaged with a resolution of approximately A.

However, the number of antenna elements, and therefore
the cost of the array, is proportional to (L/A)°. This quadratic
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2

cost dependency 1s an obstacle to either scaling up the size
of an array to increase the addressable field of view or

reducing the wavelength to increase the resolution. As used
herein, the term “addressable field of view” (AFOV) refers
to the volume addressable with high resolution (1.e., the
volume that can be resolved within some specified factor of
the highest resolution).

One solution that has been suggested for the cost-resolu-
tion-AFOV problem 1s to use a sparse antenna array, instead
of a dense antenna array. Since resolution increases with
numerical aperture, which depends on the diameter and not
the area of the array, an array with two or four antenna
clements spaced L apart can achieve the desired resolution.
However, sparse arrays produce multi-lobed antenna pat-
terns. If the array 1s a traditional transmit phased array and
12520 1s the sparseness factor, Parseval’s Theorem of
Fourier analysis states that only s of the transmit power falls
into an area that the originally dense (s=1) array of the same
extent resolves. If the sparse array 1s a reflector array, and a
transmit horn i1lluminates the full extent of the originally
dense (s=1) array, the sparse array processes only s of the
horn’s power. Therefore, the ethciency factor (1.e., the
transmitted fraction that fills the original area) is s°. If the
reflector array 1s used to both direct microwave 1llumination
towards the target and receive retlected microwave 1llumi-
nation from the target, the overall efficiency factor n=s*. For
example, a 50% sparse retlector array produces a transmit-
to-receive efliciency of 116=6.25%. Thus, as the sparseness
of the array 1s increased, the signal loss increases as the
fourth power.

r

The signal-to-noise (SNR) ratio of a sparse array also
suffers the same s* or s* dependency. In addition, the back-
ground noise (often referred to as “clutter”) that results from
stray radiation further decreases the SNR for sparse arrays
for several reasons. First, the vacant area of the originally
dense (s=1) array becomes a collective plane mirror that
specularly bounces the radiation with a fill factor efliciency
of 1-s. Second, the remaining (occupancy) area geometry
generally produces sidelobes that change direction 1 a
poorly controlled fashion as the antenna phasing changes.
The sidelobe weight increases as the sparseness of the array
increases. To the degree that these two factors increase
system noise as the array becomes sparser, SNR will vary
empirically as s%/(1-s)”, where a~4 and b=~1. Thus, sparse
arrays result in an increase 1n signal loss and a decrease 1n
SNR.

Therefore, what 1s needed 1s a microwave 1imaging system
for use with sparse antennat arrays that 1s capable of
capturing a microwave 1mage with suppressed sidelobes.

SUMMARY OF THE INVENTION

Embodiments of the present invention provide an 1llumi-
nation system within a microwave i1maging system {for
illuminating a sparse antenna array to capture a microwave
image ol a target with suppressed sidelobes. The sparse
antenna array includes antenna elements for directing micro-
wave 1llumination to and from the target, in which the
antenna elements are arranged 1n subarrays 1 a sparse
geometry to form complementary subarray patterns thereof.
The 1llumination system includes transmitter operable to
transmit microwave 1llumination towards the antenna array,
a receiver operable to receive from the antenna array
reflected microwave 1llumination reflected from the target
and an illumination network operable 1n two modes to
enable sidelobe suppression.
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The illumination network 1s operable 1n a first mode to
transmit microwave illumination from the transmitter to
both of the complementary patterns of the antenna array and
provide reflected microwave 1llumination from both of the
complementary subarray patterns of the antenna array to the
receiver. The illumination network 1s further operable in a
second mode to transmit microwave 1llumination from the
transmitter to a first one of the complementary subarray
patterns of the antenna array and provide reflected micro-
wave 1llumination from a second one of the complementary
subarray patterns of the antenna array to the receiver.

Embodiments of the present invention further provide a
microwave 1maging system including an antenna array, an
illumination system and a processor. The antenna array
includes a plurality of antenna elements, each capable of
being programmed with a respective direction coellicient to
direct microwave 1llumination to and from a target associ-
ated with an object. The antenna array further includes
subarrays of antenna elements arranged 1n a sparse geometry
to form complementary subarray patterns thereof. The illu-
mination system 1s operable to provide microwave 1llumi-
nation to i1lluminate both of the complementary patterns of
the antenna array and receive reflected microwave 1llumi-
nation reflected by the target from both of the complemen-
tary subarray patterns of the antenna array to produce a first
receive signal i a first mode. The illumination system 1s
turther operable to provide microwave illumination to 1llu-
minate a first one of the complementary subarray patterns of
the antenna array and receive reflected microwave 1llumi-
nation from a second one of the complementary subarray
patterns of the antenna array to produce a second receive
signal 1 a second mode. The processor 1s operable to
measure a value associated with the target in a microwave
image ol an object as a linear combination of the first receive
signal and the second receive signal.

In one embodiment, the first receive signal and the second
receive signal are complex signals describing a main scan-
ning lobe and one or more sidelobes. The processor sup-
presses sidelobes 1n the microwave 1mage of the target by
adding the product of the first receive signal and a first
complex multiplier with the product of the second receive
signal and a second complex multiplier to constructively
enhance the main scanning lobe and destructively cancel the
sidelobes. The first complex multiplier and the second
complex multiplier are selected as a function of the sparse
geometry ol the antenna array.

BRIEF DESCRIPTION OF TH.

L1

DRAWINGS

The disclosed mvention will be described with reference
to the accompanying drawings, which show important
sample embodiments of the mnvention and which are incor-
porated in the specification hereof by reference, wherein:

FIG. 1 1s a schematic diagram of a simplified exemplary
microwave 1maging system for capturing a microwave
image of an object with suppressed sidelobes using a sparse
antenna array, in accordance with embodiments of the
present ivention;

FIG. 2A 1s a pictonial representation of an exemplary
sparse antenna array design, in accordance with embodi-
ments of the present invention;

FIG. 2B 1s a pictorial representation of another exemplary
sparse antenna array, in accordance with embodiments of the
present mvention;
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FIG. 3A 1s a schematic diagram of an exemplary 1llumi-
nation system capable of operating in multiple 1llumination
modes for use in the microwave imaging system of the
present 1nvention;

FIG. 3B 1s a schematic diagram of another exemplary
i1llumination system capable of operating 1n multiple 1llumi-
nation modes for use in the microwave 1maging system of
the present invention;

FIGS. 4A-4C are pictorial representations of exemplary
phase plates for use in the exemplary illumination systems
shown 1n FIGS. 3A and 3B;

FIG. 5 1s a schematic diagram of another exemplary
illumination system capable of operating in multiple 1llumi-
nation modes for use in the microwave 1imaging system of
the present mnvention;

FIG. 6 1s a schematic diagram of another exemplary
i1llumination system capable of operating 1n multiple 1llumi-
nation modes for use in the microwave 1maging system of
the present invention;

FIG. 7 1s a schematic diagram of another exemplary
illumination system capable of operating 1n multiple 1llumi-
nation modes for use in the microwave 1maging system of
the present invention;

FIG. 8 1s a schematic diagram of another exemplary
illumination system capable of operating 1n multiple 1llumi-
nation modes for use in the microwave 1imaging system of
the present mvention;

FIG. 9 1s a schematic diagram of another exemplary
illumination system capable of operating in multiple 1llumi-
nation modes for use in the microwave 1maging system of
the present invention;

FIG. 10 1s a schematic diagram of another simplified
exemplary microwave 1maging system for capturing a
microwave 1mage of an object with suppressed sidelobes
using a sparse antenna array, in accordance with embodi-
ments of the present mvention;

FIG. 11 1s a schematic diagram of an exemplary illumi-
nation system capable of operating in multiple 1llumination
modes for use in the microwave imaging system of FIG. 10;

FIG. 12 1s a schematic diagram of another exemplary
illumination system capable of operating in multiple 1llumi-
nation modes for use in the microwave 1imaging system of
FIG. 10;

FIG. 13 1s a schematic diagram of another exemplary
i1llumination system capable of operating 1n multiple 1llumi-
nation modes for use in the microwave 1maging system of
FIG. 10;

FIG. 14 1s a graphical representation of exemplary ampli-
tude product distributions for various illumination modes;

FIG. 15 1s a flow chart 1llustrating an exemplary process
for capturing a microwave 1mage of a target of an object, 1n
accordance with embodiments of the present invention;

FIG. 16 1s a flow chart 1llustrating an exemplary process
for capturing a microwave image of an object, 1n accordance
with embodiments of the present invention; and

FIG. 17 1s a tlow chart illustrating another exemplary
process for capturing a microwave 1mage of an object, 1n
accordance with embodiments of the present invention.

(Ll

DETAILED DESCRIPTION OF TH.
EXEMPLARY EMBODIMENTS

As used herein, the terms microwave radiation and micro-
wave 1llumination each refer to the band of electromagnetic
radiation having wavelengths between 0.3 mm and 30 cm,
corresponding to frequencies of about 1 GHz to about 1,000
(GHz. Thus, the terms microwave radiation and microwave
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illumination each include traditional microwave radiation,
as well as what 1s commonly known as millimeter-wave
radiation.

FIG. 1 1s a schematic diagram of a simplified exemplary
microwave 1maging system 10, in accordance with embodi-
ments of the present invention. The microwave imaging
system 10 includes a one or more sparse antenna arrays 50
(only one of which 1s shown for convenience), a microwave
illumination system 100, a processor 110, a memory 160 and
a display 120. The sparse antenna array 50 1s capable of
transmitting microwave illumination and/or receiving
microwave 1llumination via antenna elements 80 to capture
a microwave 1mage of an object 150 (e.g., suitcase, human
subject or any other 1tem of 1nterest). Fach antenna element
80 1s programmed with a particular direction coeflicient
(e.g., reflection coeflicient or transmission coeflicient) to
direct the microwave illumination to and/or from a target
155 on the object 150. The antenna elements 80 can each be
any type of microwave antenna, including, but not limited
to, patch, dipole, monopole, loop, and dielectric resonator
type antennas.

The sparse antenna array 50 i1s a passive programmable
array composed of either reflecting antenna elements 80 or
transmitting antenna elements 80. In a reflection mode, each
of the reflecting antenna elements 80 1s capable of being
programmed with a respective reflection coetlicient to retlect
microwave 1llumination towards the target 155 on the object
150 being imaged. The reflection coeflicient can represent a
binary or continuous phase delay or an amplitude variation.
For example, microwave illumination received by the sparse
antenna array 50 from the microwave illumination system
100 1s reflected towards the target 155 on the object 150, and
reflected microwave 1llumination reflected from the target
155 and received by the sparse antenna array 50 1s reflected
towards the microwave illumination system 100 by pro-
gramming each of the individual reflecting antenna elements
80 with a respective retlection coetlicient.

In a transmission mode, each of the transmitting antenna
clements 80 1s capable of being programmed with a respec-
tive transmission coetlicient to direct microwave illumina-
tion towards the target 155 on the object 150 being 1maged.
For example, microwave illumination received by the sparse
antenna array 50 from the microwave illumination system
100 1s directed through the array 50 and towards the target
155 on the object 150, and reflected microwave 1llumination
reflected from the target 155 and received by the sparse
antenna array 50 1s directed through the array 50 and
towards the microwave illumination system 100 by pro-
gramming each of the individual transmitting antenna ele-
ments 80 with a respective transmission coellicient.

The antenna elements 80 in the sparse antenna array 30
are shown divided into subarrays 60, each including one or
more of the antenna elements 80. The subarrays 60 are
turther arranged on the array 50 1n a sparse geometry to form
complementary subarray patterns 90a and 906 thereof. The
complementary patterns 90a and 905 generate complemen-
tary microwave beam patterns at the target 155, respectively.
The microwave 1mage of the target 135 1s formed at the
intersection of the complementary microwave beam pat-
terns.

The 1llumination system 100 includes a transmitter 130, a
receiver 135 and an illumination network 140 capable of
operating in two diflerent 1llumination modes (hereinafter
referred to as joint and disjoint modes) to enable suppression
of sidelobes 1n the microwave image of the object 150. The
illumination network 140 includes phase plates or general-
1zed lenses combined with microwave horns to generate the
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6

jomt and disjoint illuminations of the array 50. Various
illumination networks 140 are shown and described in more
detail below 1n connection with FIGS. 5-13.

In the joint mode, the subarrays 60 in both of the
complementary subarray patterns 90a and 905 are 1llumi-
nated by both the transmuit feed of the transmitter 130 and the
receive feed of the recerver 135. Thus, 1n the joint mode,
microwave 1llumination 20 1s transmitted from the transmit-
ter 130 to both of the complementary subarray patterns 90a
and 905 of antenna elements 80 via the illumination network
140 and reflected microwave illumination 40 from both
complementary subarray patterns 90a and 905 of antenna
clements 80 1s recerved at the receiver 135 via the 1llumi-
nation network 140. In disjoint mode, the subarrays 60 1n a
first complementary subarray pattern 90a are 1lluminated by
the transmit feed and the subarrays 60 in a second comple-
mentary subarray pattern 9056 are i1lluminated by the receive
teed. Thus, 1n the disjoint mode, microwave 1llumination 30
1s transmitted from the transmitter 130 to one of the comple-
mentary subarray patterns (e.g., pattern 90q) via the 1llumi-
nation network 140 and reflected microwave illumination 70
from the other complementary subarray pattern (e.g., pattern
90b) 1s recerved at the receiver 135 via the 1llumination
network 140.

More specifically, 1n the joint mode, the illumination
network 140 directs microwave illumination 20 from the
transmitter 130 towards the antenna elements 80 1n both of
the subarray patterns 90a and 9056. Based on the direction
coellicient programmed 1nto each of the antenna elements
80, microwave illumination 25 1s directed from both of the
subarray patterns 90a and 905 towards the target 155. The
direction coetlicients are selected to create positive interfer-
ence of the microwave illumination 235 from each of the
antenna clements 80 at the target 155. For example, 1n
embodiments 1n which the antenna elements are reflecting
antenna elements, the phase shift of each of the antenna
clements 80 can be adjusted to provide the same phase delay
for each path of the microwave illumination 23 from the
source (antenna element 80) to the target 155. The comple-
mentary patterns 90a and 905 generate complementary
transmit microwave beam patterns at the target 155.

[ikewise, reflected microwave i1llumination 45 reflected
from the target 155 and received at the sparse antenna array
50 1s directed back towards the illumination network 140
from the antenna elements 80 1n both subarray patterns 90q
and 905 based on the direction coethicient programmed into
cach of the antenna elements 80. The complementary pat-
terns 90a and 905 generate complementary receive micro-
wave beam patterns at the illumination network 140. The
illumination network 140 receives the reflected microwave
illumination 40 and provides the retlected microwave 1llu-
mination 40 received from both subarray patterns 90aq and
906 to the receiver 135. The receiver 135 combines the
reflected microwave illumination 40 reflected from each
antenna element 80 in both subarray patterns 90a and 905 to
produce a {first receive signal (Joint signal) 170 indicative of
the value of the eflective intensity of the reflected micro-
wave 1llumination at the target 155. In one embodiment, the
receiver 135 generates the joint signal 170 using the micro-
wave 1llumination received from the intersection of the
complementary receive microwave beam patterns. More
specifically, the joint signal 170 produced 1s the volume-
integrated cross product of the complementary receive
microwave beams.

In the disjoint mode, the 1llumination network 140 directs
microwave 1llumination 30 from the transmitter 130 towards
the antenna elements 80 1n only one of the subarray patterns
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(e.g., pattern 90a). Based on the direction coeflicient pro-
grammed 1nto each of the antenna elements 80 in that
subarray pattern 90a, microwave 1llumination 35 1s directed
from the antenna elements 80 1n that subarray patterns 90a
towards the target 155. However, reflected microwave illu-
mination 75 reflected from the target 135 and recerved at the
sparse antenna array 50 1s directed back towards the illu-
mination network 140 from the antenna elements 80 in the
other subarray patterns 905 based on the direction coethlicient
programmed into each of the antenna elements 80 1n that
subarray pattern 905. Thus, the complementary patterns 90qa
and 900 generate complementary transmit and receive
microwave beam patterns at the target 135, respectively.

The illumination network 140 receives the reflected
microwave 1llumination 70 and provides the retlected micro-
wave 1llumination 70 recerved from the antenna elements 80
in subarray patterns 906 to the receiver 135. The receiver
135 combines the retlected microwave illumination 70
reflected from each antenna element 80 in the subarray
pattern 905 to produce a second receive signal (disjoint
signal) 175 indicative of the value of the effective intensity
of the reflected microwave illumination at the target 155. In
one embodiment, the receiver 135 forms the disjoint signal
175 at the intersection of the complementary transmit and
receive microwave beam patterns. More specifically, the
joint signal 170 produced 1s the volume-integrated cross
product of the complementary transmit and receive micro-
wave beams.

Both the joint signal 170 and the disjoint signal 175 are
passed from the recerver 135 to the processor 110, which
uses the signals 170 and 175 to determine the value of a pixel
or voxel corresponding to the target 155 on the object 150.
The signals 170 and 175 are both complex signals contain-
ing real and 1imaginary parts (or equivalently, amplitude and
phase) describing a main scanning lobe and one or more
undesired sidelobes. Due to the diflerent transmit/receive
paths of the two 1llumination modes, the sidelobes 1n each of
the signals 170 and 175 are opposite in sign to each other.
Thus, the processor 110 1s able to constructively enhance the
main scanning lobe while destructively canceling the undes-
ired sidelobes by computing an optimal linear combination
of the joint signal 170 and the disjoint signal 175.

For example, referring now to FIG. 14, an exemplary
amplitude product distribution of a disjoint signal i1s repre-
sented 1n the graph denoted 1410 and an exemplary ampli-
tude product distribution of a joint signal 1s represented in
the graph denoted 1420. The graphs shown in FIG. 14 were
constructed using an antenna array having a sparse geometry
similar to the geometry shown 1 FIG. 2A. As can be seen,
in both the joint and disjoint modes, in addition to the
desired central main lobe, there are four symmetric sets of
sidelobes. However, 1n the disjoint mode (graph 1410), the
amplitude of the sidelobes 1s negative (1.e., opposite 1n sign
to the main lobe), while 1n the joint mode (graph 1420), the
amplitude of the sidelobes 1s nonnegative (1.e., the same sign
as the central lobe). Thus, forming a superposition of the two
distributions 1410 and 1420 with the proper weighting
between the two distributions 1410 and 1420 results 1n a
distribution with a strong main lobe and weak sidelobes, as
shown 1n graph 1430.

Referring again to FIG. 1, the processor 110 determines
the optimal linear combination (weighting) of the joint
signal 170 and the disjoint signal 1735 based on the sparse-
ness of the array geometry (1.e., complementary subarray
patterns 90a and 90b). For example, 11 the joint signal 1s
denoted J and the disjoint signal 1s denoted D, the processor
110 selects complex multipliers (weight fractions) m , and
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m, based on the geometry of the array 50, such that
m +m,,=unity, and computes the resultant signal as m ,*J+
mz*D.

In general, the weight percentages assigned to the com-
plex multipliers m, and m,, are linearly proportional to the
sparseness of the array 50. For example, for a completely
dense array, the weight given to the joint signal 1s 100%, and
thus the value of the complex multiplier m ; 1s unity and the
value of the complex multiplier m,, 1s zero. Likewise, for a
completely sparse array (e.g., a picture frame geometry as
shown 1 FIG. 2A with only a single antenna element per
subarray), the weight given to the disjoint signal 1s 100%,
and thus the value of the complex multiplier m , 1s zero and
the value of the complex multiplier m,, 1s unity. The values
of the complex multipliers m ;and m,, are typically the same
for all pixels or voxels in a scan of the object 150, and
therefore, the processor 110 can optimize the values of the
complex multipliers once and store the optimized values 1n
the memory 160 or within the processor 110 for use during
the scan.

In addition, the processor 110 operates to control the
illumination system 100 for the joint and disjoint 1llumina-
tion modes. In one embodiment, the processor 110 switches
between the jomnt and disjoint illumination modes. For
example, the processor 110 sets the illumination network
140 to the joint mode to receirve the joint signal 170, and then
sets the 1llumination network 140 to the disjoint mode to
receive the disjoint signal 175. In another embodiment, the
processor 110 controls the transmitter 130 and receiver 135
to substantially simultaneously operate 1n both the joint and
disjoint 1llumination modes.

The processor 110 further operates to program the direc-
tion coellicients of each of the imndividual antenna elements
80 in the sparse antenna array 50 to illuminate multiple
targets 155 on the object 150 with microwave radiation
and/or receive reflected microwave 1llumination from mul-
tiple targets 155 on the object 150. Thus, the processor 110
in conjunction with the sparse antenna array 50 operates to
scan the object 150. In operation, the microwave 1maging
system 10 operates at frequencies that enable millions of
targets 1535 to be scanned per second.

The processor 110 includes any hardware, software, firm-
ware, or combination thereof for controlling the sparse
antenna array 50 and processing the received microwave
illumination reflected from the target 155 to construct a
microwave 1image of the target 155 and/or object 150. In one
embodiment, the memory 160 stores software executable by
the processor 110 to control the antenna array 50 and/or
construct the microwave 1image of the object 150. In another
embodiment, the software 1s stored 1n the processor 110, and
the memory 160 optionally stores data used by the processor
110 during execution of the software.

For example, the processor 110 may include one or more
microprocessors, microcontrollers, programmable logic
devices, digital signal processors or other type of processing
devices that are configured to execute instructions of a
computer program, and one or more memories (€.g., cache
memory) that store the instructions and other data used by
the processor 110. However, 1t should be understood that
other embodiments of the processor 110 may be used. The
memory 160 1s any type of data storage device, including but
not limited to, a hard drive, random access memory (RAM),
read only memory (ROM), compact disc, floppy disc, ZIP®
drive, tape drive, database or other type of storage device or
storage medium.

The resulting microwave 1mage of the target 155 and/or
object 150 can be passed from the processor 110 to the
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display 120 to display the microwave image. In one embodi-
ment, the display 120 1s a two-dimensional display for
displaying a three-dimensional microwave image of the
object 150 or one or more one-dimensional or two-dimen-
sional microwave images of the target 155 and/or object
150. In another embodiment, the display 120 1s a three-
dimensional display capable of displaying a three-dimen-
sional microwave 1mage of the object 150.

It should be understood that multiple sparse antenna
arrays 30 may be used to scan diflerent portions of the object
150. For example, the microwave imaging system 10 can be
implemented with two sparse antenna arrays, each including
a 1 mx1 m sparse array of antenna elements 80 to scan half
of the object 150. As another example, the microwave
imaging system 10 can be implemented with four sparse
antenna arrays 50, each including a 0.5 mx0.5 m sparse
array ol antenna elements 80 capable of scanning a quadrant
of the object 150.

Examples of complementary subarray patterns 90a and
905 that form a sparse antenna array 50 are shown i FIGS.
2A and 2B. FIG. 2A illustrates an exemplary “picture frame”
pattern, in which one of the complementary subarray pat-
terns 90a 1includes hatched subarrays 60 and the other
complementary subarray pattern 905 includes clear subar-
rays 60. In the joint 1llumination mode, all subarrays 60 are
illuminated by both the transmit and receive feeds in the
microwave illumination system, while 1n the disjoint 1illu-
mination mode, the subarrays 60 1n the first complementary
subarray pattern 90q are illuminated by the transmait feed and
the subarrays 60 1n the second complementary subarray
pattern 905 are 1lluminated by the receive feed. The corner
subarrays 60 are either split-illuminated (by both 1llumina-
tion modes) down the diagonals or not 1lluminated at all.

FIG. 2B illustrates an exemplary “cross”™ pattern, in which
one of the complementary subarray patterns 90a includes the
hatched subarrays 60 and the other complementary subarray
pattern 906 includes the clear subarrays 60. In the joint
illumination mode, all subarrays 60 are illuminated by both
the transmit and receive feeds 1n the microwave 1llumination
system, while i the disjoint 1llumination mode, the subar-
rays 60 1n the first complementary subarray pattern 90a are
illuminated by the transmit feed and the subarrays 60 in the
second complementary subarray pattern 905 are illuminated
by the recerve feed. The center subarray 60 (1.e., the subarray
60 that intersects both patterns 90a and 905) can be 1llumi-
nated in both illumination modes by randomly assigning
substantially equal numbers of the antenna elements 80 to
either joint mode or disjoint mode.

In one embodiment, one or more of the subarrays 60 1s a
dense subarray of antenna elements 80. In other embodi-
ments, one or more of the subarrays 60 1s a sparse subarray
of antenna elements 80. For example, one or more of the
subarrays 60 can contain a single row or column of densely
populated or sparsely populated antenna elements 80. In
cither case, the complementary subarray patterns 90a and
906 together are composed of a vastly reduced number of
antenna elements, such that the total number of antenna
clements 80 in the sparse antenna array 50 1s significantly
reduced, as compared to a densely populated array. This
reduction in element count directly translates into reduced
cost. Thus, as opposed to dense arrays where the cost of the
array 1s proportional to the footprint area (A) of the dense
array, the cost of the complementary reduced-element count
array, such as the ones shown in FIGS. 2A and 2B, is
proportional to only the square root of A, which achieves a
significant cost savings. In addition, AFOV 1s unchanged
between the dense array and the complementary reduced-
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clement count array because the overall extent of the
complementary arrays and the minimum pitch 1s the same as

for the originally dense array.

FIG. 3A 1s a schematic diagram of an exemplary illumi-
nation system 100 capable of operating in multiple 1llumi-
nation modes for use in the microwave 1maging system of
the present invention. The 1llumination system 100 includes
the 1llumination network 140, the transmitter 130 and the
recetver 135. In FIG. 3A, the illumination network 140
includes microwave horns 310, 320 and 330, phase plates
340, 342 and 344, circulator 350 and switches 360 and 370
for performing RF switching between the two 1llumination
modes. Switch 360 1s connected to the receiver 135 and
selectively switches between horn 310 and circulator 350.
Switch 370 i1s connected to the transmitter 130 and selec-
tively switches between horn 330 and circulator 350. In FIG.
3 A, the switches 360 and 370 are single-pole, double-throw
(SPDT) microwave switches. However, in other embodi-
ments, other types of switches could be used.

The central phase plate 342 1s designed to 1lluminate the
entire sparse geometry ol both complementary subarray
patterns in the joint 1llumination mode. The left phase plate
340 1s designed to illuminate one of the complementary
subarray patterns 1n the disjoint mode, while the right phase
plate 344 1s designed to i1lluminate the other complementary
subarray pattern in the disjoint mode. The phase plates 340,
342 and 344 can operate either by retlection or transmission
of microwave 1llumination to and from the horns 310, 320
and 330, respectively. In other embodiments, the horns 310,
320 and 330 are custom-designed far-field pattern horns,
thereby dispensing with the need for phase plates 340, 342
and 344. For example, leaky waveguides, cylindrical lenses,
cylindrical mirrors and other types of custom horns may be
used with embodiments of the present invention.

In the joint 1llumination mode, both switches 360 and 370
connect to the circulator 350 to transmit and receive micro-
wave radiation through the central horn 320 to produce the
joint signal. In the disjoint i1llumination mode, switch 360
connects to horn 310 and switch 370 connects to horn 330
to transmit microwave radiation completely through the
right horn 330 and receive microwave radiation completely
through the left horn 310 to produce the disjoint signal. In
one embodiment, the microwave 1imaging system 1s a coher-
ent system, and thus narrowband. Therefore, switches 360
and 370 can be designed as narrowband switches to obtain
a lower 1nsertion loss performance than that achievable with
general-purpose wideband microwave switches. As a result,
any of the illumination system 100 configurations shown
herein can be used with relatively low transmit power.

FIG. 3B i1s a schematic diagram of another exemplary
illumination system 100 capable of operating in multiple
illumination modes for use 1n the microwave 1maging sys-
tem of the present invention. The 1llumination system 100
includes the illumination network 140, the transmitter 130
and the receiver 135. In FIG. 3B, the illumination network
140 includes only a single microwave horn 320, correspond-
ing phase plate 342 and circulator 350. The phase plate 342
1s designed to illuminate the entire sparse geometry of both
complementary subarray patterns in both the joint 1llumina-
tion mode and the disjoint i1llumination mode. The two
i1llumination modes (joint and disjoint) are digitally imple-
mented at the antenna array by inverting the phase shifts of
the mndividual antenna elements 1n one of the complemen-
tary subarray patterns, while preserving the phase shiits of
the individual antenna elements 1n the other complementary
subarray pattern.
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For example, 1n a binary array, each antenna element can
only be programmed with one of two different binary states
(e.g., 0 degree phase shift or 180 degree phase shiit). In the
joint 1llumination mode, the antenna elements 1n both of the
complementary subarray patterns are {irst programmed with
a respective phase shift (O or 180 degrees) designed to
produce constructive interference of the reflected micro-
wave 1llumination at the recerver 135. In the disjoint illu-
mination mode, the phase shift of each of the antenna
clements 1n only one of the complementary subarray pat-
terns 1s flipped (inverted), such that 11 a particular antenna
clement 1s programmed with a 0 degree phase shift during
joint 1llumination, the phase shift of that particular antenna
clement 1s changed to 180 degrees for disjoint i1llumination.
As an example, referring to FIG. 2A, 1n the disjoint 1llumi-
nation mode, the phase shifts of the antenna elements in
subarray pattern 90a can be mnverted, while maintaining the
same phase shifts of the antenna eclements in subarray
pattern 90b.

As a result, the recetved microwave radiation reflected
from the object and directed towards the 1llumination system
100 by the antenna array includes two independent channels,
termed herein as a “plus™ channel and a “minus™ channel.
The plus channel 1s equivalent to the joint 1llumination
channel measured from the reflected microwave radiation
received during the joint illumination mode. The minus
channel 1s acquired by inverting the phase shifts of one of
the subarray patterns during the disjoint 1llumination mode.
However, the minus channel 1s not equivalent to the disjoint
1llumination channel. Instead, the disjoint illumination chan-
nel 1s equivalent to the difference between the plus channel
and the minus channel. The disjoint channel can also be
referred to as a “mixed” signal, while the addition of the plus
channel and the minus channel can be referred to as a “pure”
signal. Any appropriate linear combination of the plus
channel signal and the minus channel signal or the pure
channel signal and the mixed channel signal produces the
optimal sidelobe cancellation.

FIGS. 4A-4C are pictonial representations of exemplary
phase plates 340, 342 and 344 for use in the exemplary
illumination system shown in FIGS. 3A and 3B. In FIGS.
4A-4C, the phase plates 340, 342 and 344 are binary phase
zone plates, where white areas represent 0 degree phase shift
zones and black areas represent 180 degree phase shiit
zones. In other embodiments, the phase plates 340, 342 and
344 are quaternary phase plates (0°, 90°, 180° and 270°) or
continuous phase plates, such as a conventional Fresnel lens
or an ordinary lens. The particular phase shift zone pattern
on the phase plates 340, 342 and 344 1s dependent upon the
complementary subarray patterns of the array. For example,
the “picture frame” pattern shown 1n FIG. 2A would require
different phase plates than the “cross™ pattern shown 1n FIG.
2B.

In general, the phase plates 340 and 344 for i1lluminating
the individual complementary subarray patterns are nearly
complementary (orthogonal) to each other to provide the
proper phase shift between the transmit and receive beam
patterns in the disjoint mode. The phase plate 342 for joint
illumination 1s self-dual, 1.e., a geometric operation (e.g.,
90° rotation) which transforms the left plate 340 to the nght
plate 344 leaves the center plate 342 unchanged.

FIG. 5 1s a schematic diagram of another exemplary
illumination system 100 capable of operating 1n multiple
illumination modes for use 1n the microwave 1maging sys-
tem of the present ivention. In FIG. 5, the i1llumination
network 140 includes two microwave horns 510 and 520, a
variable phase plate 530, a fixed phase plate 540, circulator
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550 and switch 560 for performing RF switching between
the two 1llumination modes. Switch 560 1s connected to the
transmitter 130 and selectively switches between horn 520
and circulator 550. The receiver 135 1s connected to the
circulator 550, which 1s connected to horn 510 and selec-
tively connected to switch 560.

The variable phase plate 530 1s designed to i1lluminate the
entire sparse geometry ol both complementary subarray
patterns 1n the joint illumination mode and one of the
complementary subarray patterns in the disjoint mode, while
the fixed phase plate 540 1s designed to 1lluminate the other
complementary subarray pattern in the disjoint mode. In the
jomt 1llumination mode, the variable phase plate 530 1s
programmed to 1lluminate the entire sparse geometry of both
complementary subarray patterns of the antenna array and
switch 560 1s connected to the circulator 350 to transmait and
receive microwave radiation through the left horn 510 and
variable phase plate 530 to produce the joint signal.

In the disjoint 1llumination mode, switch 560 1s connected
to horn 520 and fixed phase plate 540 to transmit microwave
radiation through horn 520 and fixed phase plate 540 to
illuminate one of the complementary subarray patterns, and
the variable phase plate 530 1s programmed to i1lluminate the
other complementary subarray patterns to receive micro-
wave radiation through the variable phase plate 5330 and
horn 510 to produce the disjoint signal. It should be under-
stood that the transmitter 130 and receiver 135 can be
interchanged 1t the circulator 350 1s left-right mairrored.
Although using a single switch 560, as opposed to the
multiple switches shown 1n FIGS. 3 and 6-9, may appear to
produce poor 1solation performance of the switch 560, the
circulator 550 provides 1solation to compensate for the poor
1solation performance of the switch 560, and therefore, any
type of microwave switch can be used. Conversely, the
insertion loss performance of switch 560 1s relaxed com-
pared to FIGS. 3 and 6-9.

In another embodiment, the variable phase plate 330 1s
replaced by a fixed phase plate that illuminates the entire
sparse geometry of the complementary subarray patterns.
When switch 560 connects to the circulator 550, the joint
1llumination mode operates in the same manner as described
above. However, when switch 560 connects to horn 520, the
disjoint illumination mode 1s implemented with an efliciency
penalty factor of two.

FIG. 6 1s a schematic diagram of another exemplary
illumination system 100 capable of operating in multiple
illumination modes for use 1n the microwave 1maging sys-
tem of the present mvention. In FIG. 6, the i1llumination
network 140 includes two microwave horns 610 and 620,
phase plates 630 and 640, a 50/50 power splitter/combiner
650, circulator 660, an optional phase shifter 670 and
switches 680, 685, 690 and 6935 for performing RF switching
between the two illumination modes. Switch 680 1s con-
nected to the receiver 135 and selectively switches between
the circulator 660 and an outer transmission line towards
horn 610. Switch 685 1s connected to the transmitter 130 and
selectively switches between an outer transmission line
towards horn 620 and circulator 660. Switch 690 1s con-
nected to horn 610 and selectively switches between the
outer transmission line towards the receiver 135 and the
power splitter 650. Switch 695 1s connected to horn 620 and
selectively switches between the outer transmission line
towards transmitter 130 and the power splitter 650 (via the
optional phase shifter 670).

One phase plate 630 1s designed to i1lluminate the one of
the complementary subarray patterns, while the other phase
plate 640 1s designed to 1lluminate the other complementary




US 7,280,068 B2

13

subarray pattern. In the joint 1llumination mode, the switches
680 and 685 are connected to the circulator 660 and the
switches 690 and 695 are connected to the power splitter 650
so that microwave radiation 1s both transmitted 50/50 and
received 50/50 between the two horns 610 and 620 and
corresponding phase plates 630 and 640 to produce the joint
signal. If the subarray pattern partial illuminations from
homs 610 and 620 are exactly complementary, there 1s no
interference on the array and the phase shifter 670 1is
unnecessary. However, 1t there 1s a residual overlap of the
partial illuminations, the phase shifter 570 can be adjusted to
optimize the illumination 1n the overlap regions.

In the disjoint 1llumination mode, switches 680, 685, 690
and 695 are connected to the outer transmission lines to
connect horn 610 with the recerver 135 and to connect horn
620 with the transmuitter 130 to transmit microwave radiation
completely through horn 620 and phase plate 640 and
receive microwave radiation completely through horn 610
and phase plate 630 to produce the disjoint signal. It should
be understood that the transmitter 130 and receiver 135 can
be mterchanged if the circulator 660 1s left-right mirrored.

FIG. 7 1s a schematic diagram of another exemplary
illumination system 100 capable of operating 1n multiple
illumination modes for use 1n the microwave 1maging sys-
tem of the present mvention. In FIG. 7, the i1llumination
network 140 includes two microwave horns 710 and 720,
phase plates 730 and 740, a 90-degree hybrid coupler 750
and switches 760, 765, 770 and 775 for performing RF
switching between the two illumination modes. Switch 760
1s connected to the receiver 135 and selectively switches
between an outer transmission line towards horn 710 and
lower left arm 752 of the 90-degree hybrid coupler 750.
Switch 765 1s connected to the transmitter 130 and selec-
tively switches between an outer transmission line toward
horn 720 and lower right arm 754 of the 90-degree hybrid
coupler 750. Switch 770 1s connected to horn 710 and
selectively switches between the outer transmission line
towards the receiver 135 and upper left arm 756 of the
90-degree hybrid coupler 750. Switch 775 1s connected to
horn 720 and selectively switches between the outer trans-

mission line towards transmitter 130 and upper right arm
758 of the 90-degree hybrid coupler 750.

One phase plate 730 1s designed to 1lluminate the one of

the complementary subarray patterns, while the other phase
plate 740 1s designed to i1lluminate the other complementary
subarray pattern. In the disjoint 1llumination mode, switches
760, 765, 770 and 775 are connected to the outer transmis-
sion lines to connect horn 710 with the receiver 135 and to
connect horn 720 with the transmitter 130 to transmit
microwave radiation completely through horn 720 and phase
plate 740 and receive microwave radiation completely
through horn 710 and phase plate 730 to produce the disjoint
signal.

In the joint 1llumination mode, switches 760 and 765 are
connected to the respective lower arms 752 and 743 of the
90 degree hybrid coupler 750, and switches 770 and 775 are
connected to the respective upper arms 756 and 758 of the
90-degree hybrid coupler 750. Microwave radiation from
the transmitter 130 enters the lower right arm 754 of the
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the two upper arms 756 and 758 towards horns 710 and 720.
The microwave radiation output from the upper left arm 756
1s rotated 90 degrees with respect to the microwave radiation
output from the upper right arm 758.

The recertved microwave radiation reflected from the
object and directed towards the 1llumination system 100 by
the antenna array includes four different channels: L-O-L,
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R-O-R, L-O-R and R-O-L, where L 1s the left horn 710, R
1s the right horn 720 and O 1s the object being 1imaged. The
[-O-L and R-O-R channels are “pure” channels, and the
L-O-R and R-O-L channels are “mixed” channels. All fou

channels are received at the i1llumination network 140 1n
phase with each other, provided an optional phase shifter
(not shown) 1s correctly set. However, the 90-degree hybnd

coupler 750 only delivers the “pure” channels to the receiver
135 due to the 90 degree phase shift between the arms. The
“mixed” channels are routed back to the transmaitter 130 and
not received. However, since the “mixed” channels are
substantially equivalent to the disjoint mode signal, the joint
signal (“pure”+“mixed”) can be computed from a simple
linear combination of the “pure” channel signal and the
disjoint signal obtained during the disjoint illumination
mode.

FIG. 8 1s a schematic diagram of another exemplary
illumination system 100 capable of operating in multiple
illumination modes for use 1n the microwave 1maging sys-
tem of the present mvention. In FIG. 8, the i1llumination
network 140 includes two microwave horns 810 and 820,
phase plates 830 and 840, a 50/50 power splitter/combiner
850, circulators 860, 865 and 870 and switches 880 and 980
for performing RF switching between the two 1llumination
modes. Switch 880 i1s connected to the receiver 135 and
selectively switches between circulator 860 and circulator
865. Switch 890 1s connected to the transmitter 130 and
selectively switches between circulator 870 and circulator
865. Circulator 860 1s connected to horn 801 and circulator
870 1s connected to horn 820. The power splitter 850 1s
connected to circulators 860, 865 and 870.

One phase plate 830 1s designed to i1lluminate the one of
the complementary subarray patterns, while the other phase
plate 840 1s designed to illuminate the other complementary
subarray pattern. In the joint illumination mode, switches
880 and 890 are connected to circulator 865 so that micro-
wave radiation 1s transmitted 50/50 between the two horns
810 and 820 wvia circulator 865 and power splitter 850
directly through circulator 860 and by way of bouncing off
the reflective open switch terminal at circulator 870. Micro-
wave radiation 1s also received 50/50 between the two horns
810 and 820, directly through circulator 870 and by way of
bouncing off the retlective open switch terminal at circulator
860, to produce the joint signal.

In the disjoint 1llumination mode, switches 880 and 890
are connected to circulators 860 and 870, respectively, to
connect horn 810 with the recerver 135 and to connect homn
820 with the transmitter 130 to transmit microwave radiation
completely through horn 820 and phase plate 840 and
receive microwave radiation completely through horn 810
and phase plate 830 to produce the disjoint signal. An
optional phase shifter may also be included to optimize
illumination in the overlap regions.

FIG. 9 1s a schematic diagram of another exemplary
illumination system capable of operating in multiple 1llumi-
nation modes for use in the microwave 1imaging system of
the present invention. In FIG. 9, the 1llumination network
140 includes two microwave horns 910 and 920, phase
plates 930 and 940, a 90-degree hybrid coupler 950, circu-
lators 960 and 970 and switches 980 and 990 for performing
RF switching between the two 1llumination modes. Switch

980 15 connected to the recerver 135 and selectively switches
between circulator 960 and lower left arm 952 of the

90-degree hybrid coupler 950. Switch 990 1s connected to

the transmitter 130 and selectively switches between circu-
lator 970 and lower right arm 9354 of the 90-degree hybnd
coupler 950. Circulator 960 1s connected to horn 910 and
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upper left arm 956 of the 90-degree hybrid coupler 950.
Circulator 970 1s connected to horn 920 and upper right arm
958 of the 90-degree hybrid coupler 950.

One phase plate 930 1s designed to 1lluminate the one of
the complementary subarray patterns, while the other phase
plate 940 1s designed to i1lluminate the other complementary
subarray pattern. In the disjoint 1llumination mode, switches
080 and 990 are connected to circulators 960 and 970,
respectively, to connect horn 910 with the receirver 135 and
to connect horn 920 with the transmaitter 130 to transmit
microwave radiation completely through horn 920 and phase
plate 940 and receive microwave radiation completely
through horn 910 and phase plate 930 to produce the disjoint
signal. In the joint illumination mode, switches 980 and 990
are connected to the respective lower arms 952 and 945 of
the 90-degree hybrid coupler 950 to transmit microwave
radiation 50/50 between both horns 910 and 920, as
described above in connection with FIG. 7, to produce the
joint signal.

FIG. 10 1s a schematic diagram of another simplified
exemplary microwave imaging system 10 for capturing a
microwave 1mage ol an object 150 with suppressed side-
lobes using a sparse antenna array 50, in accordance with
embodiments of the present invention. The microwave
imaging system 10 shown i FIG. 10 1s similar to the
microwave 1maging system shown i FIG. 1, except that the
illumination system 100 includes two transceivers 1010 and
1020, each including a transmitter and a receiver, and the
1llumination network 140 includes joint illumination optics
1030 and disjoint 1llumination optics 1040.

One transceiver (e.g., transceiver 1010) 1lluminates the
sparse array 30 through joint 1llumination optics 1030 (e.g.,
homs and phase plates), while the other transceirver 1020
illuminates the sparse array 50 through disjoint 1llumination
optics 1040. Thus, 1n the joint mode, the subarrays 60 in both
of the complementary subarray patterns 90q and 906 are
illuminated by both the transmit feed and the receive feed of
transceiver 1030. In disjoint mode, the subarrays 60 1n a first
complementary subarray pattern 90a are i1lluminated by the
transmit feed of transceiver 1020, and the subarrays 60 1n a
second complementary subarray pattern 905 are illuminated
by the recerve feed of transcerver 1020. The processor 110
acts as a controller, switching between transceivers 1010 and
1020.

In another embodiment, the joint 1llumination optics 1030
and disjoint 1llumination optics 1040 can be combined, as 1n
FIG. 6 or 7, to enable both receivers 1n the transceivers 1010
and 1020 to recerve at all times. The processor 110 switches
between transmit (joint vs. disjoint) modes, either with one
transmitter (e.g., a single transmitter as shown 1n FIG. 6 or
7) or between the two transmitters of transcervers 1010 and
1020 shown in FIG. 10. Over the two modes, the two
receivers recerve four different complex values (2 receiv-
ersx2 modes) that can be linearly combined in the processor
110 to form the final signal.

FIG. 11 1s a schematic diagram of an exemplary 1llumi-
nation system 100 capable of operating 1n multiple 1llumi-
nation modes for use in the microwave 1imaging system 10
of FI1G. 10. In FIG. 11, the illumination system 100 includes
two receivers 1354 and 13554, one transmitter 130, micro-
wave horns 1110 and 1120, phase plates 1130 and 1140,
circulators 1150 and 1160, a 50/50 power splitter/combiner
1170, an optional phase shifter 1180 and switches 1190 and
1195 for performing RF switching between the two 1llumi-
nation modes. Circulator 1150 1s connected to horn 1110,
receiver 135a and power splitter 1170. Circulator 1160 1s
connected to horn 1120 and receiver 1355. Switch 1190 1s
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connected to the transmitter 130 and selectively switches
between the power splitter 1170 and an outer transmission
line towards horn 1120. Switch 1195 is connected to circu-
lator 1160 and selectively switches between the outer trans-
mission line between horn 1120 and transmitter 130 and
power splitter 1170.

One phase plate 1130 1s designed to illuminate the one of
the complementary subarray patterns, while the other phase
plate 1140 1s designed to illuminate the other complemen-
tary subarray pattern. In the disjoint i1llumination mode,
switches 1190 and 1195 connect to the transmission line
connecting transmitter 130 and horn 1120, and only the
signal from receiver 135a 1s selected to produce the disjoint
signal. The signal from receiver 1355 1s 1gnored. In the joint
illumination mode, switches 1190 and 1195 are connected to
the power splitter 1170 so that microwave radiation 1s both
transmitted 50/50 and recerved 50/50 between the two horns
1110 and 1120 and corresponding phase plates 1130 and
1140, and received at both receivers 135 and 1354 to
produce two joint signals (joint R1 and jomnt R2). The
processor determines the value of a pixel or voxel corre-
sponding to the target by forming an appropriate complex
linear combination of the three signals (disjoint, joint R1 and
jomt R2). With the switches 1190 and 1195 only in the
transmit path (and not the receive path), any switch insertion
loss can be overcome by increasing the transmit power
without violating broadcast power regulatory limits.

FIG. 12 1s a schematic diagram of another exemplary
illumination system 100 capable of operating in multiple
illumination modes for use 1n the microwave 1maging sys-
tem 10 of FIG. 10. In FIG. 12, the illumination system 100
includes two transceivers 1010 and 1020, each having a
respective receiver 135a and 1355 and a respective trans-
mitter 130a and 1305, phase lock 1270 to phase lock
transmitters 130a and 1305, joint optics 1030 and disjoint
optics 1040. The joint optics 1030 includes microwave homn
1210, phase plate 1230 and circulator 1250. The disjoint
optics 1040 includes microwave horn 1220, phase plate
1240 and circulator 1260. Circulator 1250 1s connected to
horn 1210, receiver 135a (R1) and transmitter 130a (T1).
Circulator 1260 1s connected to horn 1220, receiver 13554
(R2) and transmitter 13056 ('12).

One phase plate 1230 1s designed to 1lluminate the one of
the complementary subarray patterns, while the other phase
plate 1240 1s designed to illuminate the other complemen-
tary subarray pattern. In one disjoint i1llumination mode
embodiment, T2 1305 and R1 135a are selected to produce
the disjoint signal, T1 130q 1s ofl and the signal from R2
1356 1s 1gnored. In another disjoint illumination mode
embodiment, T1 130q and R2 1355 are selected to produce
the disjoint signal, T2 1305 1s off and the signal from R1
135a 1s 1gnored. In the joint 1llumination mode, both trans-
mitters 130a and 13056 and both receivers 1354 and 1355 are
used to produce two joint signals (joint R1 and joint R2).
The processor again determines the value of a pixel or voxel
corresponding to the target by forming an appropriate com-
plex linear combination of the three signals (disjoint, joint
R1 and joint R2).

FIG. 13 1s a schematic diagram of another exemplary
illumination system 100 capable of operating in multiple
illumination modes without switches for use 1n the micro-
wave 1maging system 10 of FIG. 10. In FIG. 13, the
illumination system 100 includes summing receiver (shown
as recerver 135 and summation node 1380), transmitter 130,
microwave horns 1310 and 1320, phase plates 1330 and
1340, a 90-degree hybrid coupler 1350, circulator 1360 and

variable (gain and phase) amplifier 1370. Circulator 1360 1s
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connected to the transmitter 130, vaniable amplifier 1370
and the lower nght arm 13354 of the 90-degree hybnd
coupler 1350. The summing receiver 135 and 1380 1is
connected to the vanable gain amplifier 1370 and the lower
left arm 1352 of the 90-degree hybrid coupler 1350. Horn
1310 1s connected to upper left arm 1356 of the 90-degree
hybrid coupler 1350, and horn 1320 i1s connected to upper
right arm 1358 of the 90-degree hybrid coupler 1350.

One phase plate 1330 1s designed to illuminate one of the
complementary subarray patterns, while the other phase
plate 1340 1s designed to illuminate the other complemen-
tary subarray pattern. In FIG. 13, joint and disjoint 1llumi-
nation modes are performed substantially simultaneously
using the summation node 1380. The variable amplifier 1370
provides an appropriate linear combination of the “pure” and
“mixed” signals that 1s equivalent to a linear combination of
the joint and disjoint modes to the summing receiver 135 and
1380. For example, to generate a 50/50 joint+disjoint dis-
tribution as shown 1n FIG. 14, the voltage gain should be set
to three. In one embodiment, the summing receiver 1335 and
1380 1s implemented with analog amplification and com-
bining (as shown in FIG. 13). In another embodiment, the
summing receiver 135 and 1380 i1s implemented using two
receivers followed by digital multiplication and addition. In
yet another embodiment, a single receiver can be used and
a single switch can select either the lower left arm 1352 of
the 90-degree hybrid coupler 1350 or the lower left port of
the circulator 1360, followed by digital multiplication and
addition.

FIG. 15 1s a flow chart 1llustrating an exemplary process
1500 for capturing a microwave 1mage ol a target on an
object, 1n accordance with embodiments of the present
invention. Initially, at block 1510, an antenna array includ-
ing a plurality of antenna elements arranged in complemen-
tary subarray patterns in a sparse geometry 1s provided. At
bock 1520, both of the complementary subarray patterns of
the antenna array are illuminated to direct a first transmit
beam of microwave 1llumination towards the target. There-
after, at block 1530, a first reflect beam of reflected micro-
wave 1llumination reflected by the target 1s received from
both of the complementary subarray patterns of the antenna
array to produce a first receive signal 1 a first mode. At
block 1540, a first one of the complementary subarray
patterns of the antenna array 1s 1lluminated to direct a second
transmit beam of microwave 1llumination towards the target.
Thereafter, at block 1550, a second reflect beam of reflected
microwave 1llumination 1s received from a second one of the
complementary subarray patterns of the antenna array to
produce a second receive signal in a second mode. Finally,
at block 1560, the value of a pixel or voxel associated with
the target representing an intensity of the reflected micro-
wave 1llumination reflected from the target 1s determined as
a linear combination of the first receive signal and the
second receive signal. This process can be repeated for each
pixel or voxel in the 1mage, or alternatively, as described
below 1n connection with FIGS. 16 and 17, to reduce the
amount of switching, all pixels or voxels 1n an 1image can be
scanned 1n one illumination mode before switching to the
other 1llumination mode.

FIG. 16 1s a flow chart 1llustrating an exemplary process
1600 for capturing a microwave 1mage ol an object using a
sparse antenna array including complementary subarray
patterns of antenna elements, 1n accordance with embodi-
ments of the present invention. Initially, at block 1610, the
microwave imaging system is set to a first illumination mode
(1.e., etther joint or disjoint). For example, in embodiments
where switches are used to switch between the 1llumination
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modes, at block 1610, the switches are set to implement the
first illumination mode. Thereatter, at block 1620, each pixel
or voxel 1n the microwave 1mage of the object 1s scanned
(1.e., each target 1s 1maged) 1n the first 1llumination mode to
produce respective first mode signals for each pixel or voxel.
At block 1630, each first mode signal 1s multiplied by a first
multiplier that provides the appropriate weight to the first
mode signals, and the resulting weighted first mode signals
are stored 1n memory at block 1640.

At block 1650, the microwave 1imaging system 1s set to a
second 1llumination mode (1.e., either joint or disjoint). For
example, in embodiments where switches are used to switch
between the 1llumination modes, at block 1650, the switches
are set to implement the second illumination mode. There-
after, at block 1660, cach pixel or voxel 1n the microwave
image ol the object 1s scanned (1.e., each target 1s imaged) 1n
the second 1llumination mode to produce respective second
mode signals for each pixel or voxel. At block 1670, each
second mode signal 1s multiplied by a second multiplier that
provides the appropriate weight to the second mode signals,
and the resulting weighted second mode signals are added to
the respective weighted first mode signals for each pixel or
voxel at block 1680 to produce a value for each pixel or
voxel 1n the microwave image. At block 1690, the micro-
wave 1mage of the object can be displayed using the pixel/
voxel values. This process 1s repeated at 1695 for each
scanned object to produce a respective microwave image for
cach object.

FIG. 17 1s a tlow chart illustrating another exemplary
process 1700 with reduced switching events between micro-
wave 1mages ol objects captured using a sparse antenna
array including complementary subarray patterns of antenna
clements, 1n accordance with embodiments of the present
invention. Initially, at block 1710, an initial 1llumination
mode (1.e., erther joint or disjoint) 1s selected as a current
illumination mode and an appropriate multiplier for the
current mode 1s determined. Thereatter, at block 1720, each
pixel or voxel 1n the microwave image of the object 1s
scanned (1.e., each target 1s 1imaged) 1n the current illumai-
nation mode to produce respective first signals for each pixel
or voxel. At block 1730, each first signal 1s multiplied by the
multiplier for the current mode, and the resulting weighted
first signals are stored in memory at block 1740.

At block 1750, the other i1llumination mode (i.e., either
joint or disjoint) 1s selected as the current 1llumination mode,
and at block 1760, each pixel or voxel in the microwave
image of the object 1s scanned (1.e., each target 1s 1maged) 1n
the current 1llumination mode to produce respective second
signals for each pixel or voxel. At block 1770, each second
signal 1s multiplied by the multiplier for the current 1llumi-
nation mode, and the resulting weighted second signals are
added to the respective weighted first signals for each pixel
or voxel at block 1780 to produce a value for each pixel or
voxel 1n the microwave image. At block 1790, the micro-
wave 1mage of the object can be displayed using the pixel/
voxel values. This process repeats at 1795 to block 1720, in
which the illumination mode that produced the second
signals at block 1760 1s used as the current illumination
mode at block 1720 for the next scanned object.

As will be recognized by those skilled in the art, the
innovative concepts described in the present application can
be modified and varied over a wide rage of applications.
Accordingly, the scope of patents subject matter should not
be limited to any of the specific exemplary teachings dis-
cussed, but 1s instead defined by the following claims.
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We claim:

1. An illumination system within a microwave 1maging
system for 1lluminating an antenna array including antenna
clements for directing microwave i1llumination to and from
a target to capture a microwave image of said target, said
antenna array including subarrays of said antenna elements
arranged 1n a sparse geometry to form complementary
subarray patterns of said antenna array, said illumination
system comprising:

a transmitter operable to transmit microwave 1llumination

towards said antenna array;

a receiver operable to receive from said antenna array
reflected microwave 1llumination reflected from said
target; and

an 1illumination network operable in a first mode to
transmit said microwave illumination from said trans-
mitter to both of said complementary patterns of said
antenna array and provide said reflected microwave
illumination from both of said complementary subarray
patterns of said antenna array to said recerver, wherein
said 1llumination network is further operable 1n a
second mode to transmit said microwave illumination
from said transmitter to a first one of said complemen-
tary subarray patterns of said antenna array and provide
said reflected microwave i1llumination from a second
one of said complementary subarray patterns of said
antenna array to said receiver.

2. The illumination system of claim 1, wherein said
i1llumination network includes at least two microwave horns
for i1lluminating said complementary subarray patterns of
said antenna array.

3. The illumination system of claim 2, wherein said
illumination network further includes a respective phase
plate for each of said at least two microwave horns, and
wherein said respective phase plates are operable to generate
complementary illumination patterns to illuminate said
complementary patterns of said antenna array.

4. The illumination system of claim 3, wherein said
illumination network includes a first microwave horn oper-
ably connected to a first phase plate to generate a first
illumination pattern for illuminating said first complemen-
tary subarray pattern of said antenna array, a second micro-
wave horn operably connected to a second phase plate to
generate a second 1llumination pattern for illuminating said
second complementary subarray pattern of said antenna
array and a third microwave horn operably connected to a
third phase plate to generate a third 1llumination pattern for
illuminating both said complementary subarray patterns of
said antenna array.

5. The 1llumination system of claim 4, wherein said
1llumination network further includes a circulator connected
to said third horn, a first switch connected to said receiver
and arranged to selectively connect to said circulator 1n said
first mode and said first horn 1 said second mode and a
second switch connected to said transmitter and arranged to
selectively connect to said circulator 1n said first mode and
said second homn 1n said second mode.

6. The i1llumination system of claim 3, wherein said
i1llumination network includes a first microwave horn oper-
ably connected to a fixed phase plate to generate a {first
illumination pattern for i1lluminating said first complemen-
tary subarray pattern of said antenna array and a second
microwave horn operably connected to a variable phase
plate to generate a second illumination pattern for i1llumi-
nating said second complementary subarray pattern of said
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antenna array and a third illumination pattern for illuminat-
ing both said complementary subarray patterns of said
antenna array.

7. The 1llumination system of claim 6, wherein said
illumination network further includes a circulator connected
between said receiver and said second horn and switch
connected to said transmitter and arranged to selectively
connect to said circulator 1n said first mode and said second
horn 1n said second mode.

8. The i1llumination system of claim 3, wherein said
illumination network includes a first microwave horn oper-
ably connected to a first phase plate to generate a first
illumination pattern for illuminating said first complemen-
tary subarray pattern of said antenna array and a second
microwave horn operably connected to a second phase plate
to generate a second 1llumination pattern for 1lluminating
said second complementary subarray pattern of said antenna
array.

9. The i1llumination system of claim 8, wherein said
illumination network further includes a power splitter con-
nected to a circulator, a first switch connected to said
receiver and arranged to selectively connect to said circu-
lator 1n said first mode and said first horn in said second
mode, a second switch connected to said transmitter and
arranged to selectively connect to said circulator 1n said first
mode and said second horn in said second mode, a third
switch connected to said first horn and arranged to selec-
tively connect to said power splitter 1n said first mode and
said recerver 1 said second mode and a fourth switch
connected to said second horn and arranged to selectively
connect to said power splitter 1n said first mode and said
transmitter 1 said second mode.

10. The i1llumination system of claim 8, wherein said
illumination network further includes a 90-degree hybnd
coupler, a first switch connected to said receiver and
arranged to selectively connect to said 90-degree hybnd
coupler 1n said first mode and said first horn 1n said second
mode, a second switch connected to said transmitter and
arranged to selectively connect to said 90-degree hybrid
coupler 1n said first mode and said second horn in said
second mode, a third switch connected to said first horn and
arranged to selectively connect to said 90-degree hybnd
coupler 1n said first mode and said receiver 1n said second
mode and a fourth switch connected to said second horn and
arranged to selectively connect to said 90-degree hybnd
coupler 1n said first mode and said transmuitter 1n said second
mode.

11. The illumination system of claim 8, wherein said
illumination network further includes a first circulator con-
nected to said first horn, a second circulator connected to
said second horn, a power splitter connected to said first
circulator, said second circulator and a third circulator, a first
switch connected to said receiver and arranged to selectively
connect to said third circulator in said first mode and said
first circulator in said second mode and a second switch
connected to said transmitter and arranged to selectively
connect to said third circulator in said first mode and said
second circulator 1n said second mode.

12. The 1llumination system of claim 8, wherein said
1llumination network further includes a first circulator con-
nected to said first horn, a second circulator connected to
said second horn, a 90-degree hybrid coupler connected to
said first circulator and said second circulator, a first switch
connected to said receiver and arranged to selectively con-
nect to said 90-degree hybrid coupler in said first mode and
said first circulator 1n said second mode and a second switch
connected to said transmitter and arranged to selectively
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connect to said 90-degree hybrid coupler 1n said first mode
and said second circulator in said second mode.

13. The i1llumination system of claim 8, wherein said
recerver 1ncludes a first receiver and a second receirver, and
wherein said 1llumination network further includes a first
circulator connected to said first horn and said first receiver,
a second circulator connected to said second horn and said
second receiver, a power splitter connected to said first
circulator, a first switch connected to said transmitter and
arranged to selectively connect to said power splitter 1n said
first mode and said second circulator 1n said second mode
and a second switch connected to said second circulator and
arranged to selectively connect to said power splitter in said
first mode and said transmitter in said second mode.

14. The 1llumination system of claim 8, wherein said
recetver includes a first receiver and a second receiver,
wherein said transmitter includes a first transmitter and a
second transmitter phase-locked with respect to one another,
and wherein said illumination network further includes a
first circulator connected to said first horn, said first receiver
and said first transmitter and a second circulator connected
to said second horn, said second recerver and said second
transmuitter.

15. The i1llumination system of claim 8, wherein said
illumination network further includes a circulator connected
to said transmitter, a variable gain amplifier connected to
said circulator, a summation node connected to said variable
gain amplifier and said receiver and a 90-degree hybnd
coupler connected to said first horn, said second horn, said
summation node and said circulator.

16. The i1llumination system of claim 1, wherein said
1llumination network includes first 1llumination optics and
second 1llumination optics, and wherein said transmitter and
said receiver form a first transceiver operably connected to
said first 1llumination optics, and further comprising:

a second transceiver operably connected to said second

illumination optics.

17. A microwave 1imaging system, comprising:

an antenna array including a plurality of antenna ele-

ments, each of said antenna elements being capable of
being programmed with a respective direction coetli-
cient to direct microwave illumination to and from a
target associated with an object, said antenna array
including subarrays of said antenna elements arranged
in a sparse geometry to form complementary subarray
patterns of said antenna array;

an illumination system operable to provide microwave

illumination to illuminate said complementary patterns
of said antenna array and receive reflected microwave
illumination retlected by said target from said comple-
mentary subarray patterns of said antenna array to
produce a first receive signal in a first mode and a
second recerve signal 1n a second mode; and

a processor operable to determine a value associated with

the target 1n a microwave 1mage of the object as a linear
combination of said first receive signal and said second
receive signal.

18. The system of claam 17, wherein said illumination
system 1s operable to 1lluminate both said complementary
subarray patterns of said antenna array and receive reflected
microwave illumination reflected by said target from both
said complementary subarray patterns of said antenna array
to produce said first recerve signal, and wherein said illu-
mination system 1is further operable to provide said micro-
wave 1llumination to illuminate a first one of said comple-
mentary subarray patterns of said antenna array and receive
said reflected microwave illumination from a second one of
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said complementary subarray patterns of said antenna array
to produce said second recerve signal.

19. The system of claim 17, wherein each of said antenna
clements 1n said complementary subarray patterns 1s pro-
grammed with a respective first direction coeflicient to direct
microwave illumination from said target toward said 1illu-
mination system 1n said first mode and each of said antenna
clements 1n one of said complementary subarray patterns 1s
programmed with a respective second direction coellicient
inverted with respect to said respective first direction coet-
ficient 1n said second mode.

20. The system of claim 17, wherein said complementary
subarray patterns form one of a cross-shaped subarray
pattern or a picture frame subarray pattern.

21. The system of claim 17, wherein said processor 1s
turther operable to switch between said first mode and said
second mode.

22. The system of claim 17, wherein said processor 1s
turther operable to substantially simultaneously receive said
first receirve signal and said second receive signal.

23. The system of claim 22, wherein said illumination
system 1ncludes a first receiver connected to receive said
reflected microwave illumination to produce said second
receive signal 1n said second mode and to produce a first
portion of said first receive signal 1n said first mode, wherein
said 1llumination system further includes a second receiver
connected to recerve said reflected microwave 1llumination
to produce a second portion of said first recerve signal 1n said
first mode, and wherein said processor 1s further operable to
perform digital multiplication and addition of said first
portion of said first recerve signal, said second portion of
said first receive signal and said second receive signal to
determine said value.

24. The system of claim 17, wherein said first receive
signal and said second receive signal are complex signals
describing a main scanning lobe and one or more sidelobes
and said processor 1s further operable to add the product of
said first receive signal and a first complex multiplier with
the product of said second receive signal and a second
complex multiplier to constructively enhance said main
scanning lobe and destructively cancel said one or more
sidelobes, and wherein said first complex multiplier and said
second complex multiplier are selected as a function of said
sparse geometry.

25. The system of claim 17, further comprising;:

a display for displaying the microwave image of the
object.

26. A method for capturing a microwave image of an
object, comprising:

providing an antenna array including a plurality of
antenna elements for directing microwave 1llumination
to and from a target associated with said object, said
antenna array including subarrays of said antenna ele-
ments arranged 1n a sparse geometry to form comple-
mentary subarray patterns of said antenna array;

illuminating both said complementary subarray patterns
of said antenna array to direct a first transmit beam of
said microwave 1llumination towards said target;

recerving a first reflect beam of reflected microwave
illumination reflected by said target from both said
complementary subarray patterns of said antenna array
to produce a first receive signal 1n a first mode;

illuminating a first one of said complementary subarray
patterns of said antenna array to direct a second trans-
mit beam of said microwave illumination towards said

target;
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receiving a second reflect bean of said retlected micro- 28. The method of claim 26, wherein said first receive
wave 1llumination from a second one of said comple- signal and said second receive signal are complex signals
mentary subarray patterns of said antenna array to describing a main scanning lobe and one or more sidelobes,
produce a second receive signal 1n a second mode; and and wherein said measuring further comprises:

determining an intensity ol said reflected microwave 5 adding the product of said first receive signal and a first
illumination reflected from said target as a linear com- complex multiplier with the product of said second
bination of said first receive signal and said second receive signal and a second complex multiplier to
receive signal. constructively enhance said main scanning lobe and

27. The method of claim 26, wherein said recerving said destructively cancel said one or more sidelobes.

first receive signal and said receiving said second receive 10
signal are performed substantially simultaneously. kK k%
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